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Abstract
The detection of ultra-high energy neutrinos, with en-
ergies in the PeV range or above, is a topic of great
interest in modern astroparticle physics. The impor-
tance comes from the fact that these neutrinos point
back to the most energetic particle accelerators in the
Universe, and provide information about their un-
derlying acceleration mechanisms. Atmospheric neu-
trinos are a background for these challenging mea-
surements, but their rate is expected to be negligible
above ≈ 1 PeV . In this work we describe the fea-
sibility to study ultra-high energy neutrinos based
on the Earth-skimming technique, by detecting the
charged leptons produced in neutrino-nucleon inter-
actions in a high mass target. We propose to detect
the charged leptons, or their decay products, with
the High Altitude Water Cherenkov (HAWC) obser-
vatory, and use as a large mass target for the neu-
trino interactions the Pico de Orizaba volcano, the
highest mountain in Mexico. In this work we develop
an estimate of the detection rate using a geometrical
model to calculate the effective area of the observa-
tory. Our results show that it may be feasible to per-
form measurements of the ultra-high energy neutrino
flux from cosmic origin during the expected lifetime
of the HAWC observatory.
∗Corresponding author: hleonvar@fisica.unam.mx
1 Introduction
The first evidence of ultra-high energy neutrinos (in
the PeV energy range) from extraterrestrial origin
was recently reported [1]. This opened a new field
in astroparticle physics that will allow the identi-
fication and characterization of the most powerful
particle accelerators in the Universe. Neutrinos are
not affected by the electromagnetic or strong interac-
tions, and thus point back to the source where they
were produced, unlike charged cosmic rays. Gamma-
rays are another cosmic probe that provides infor-
mation about the acceleration mechanisms that oc-
cur in astrophysical sources. Due to this, there are
several dedicated instruments, both ground or space
based, performing a continuous survey of the Uni-
verse characterizing gamma-ray sources, e.g. the
Fermi Gamma-ray Space Telescope and the imaging
atmospheric Cherenkov telescopes H.E.S.S., MAGIC,
VERITAS and FACT.
The HAWC observatory was designed to detect and
characterize the sources of high-energy gamma-rays
in the energy range between 100 GeV and 100 TeV
[2] and started full operations in April 2015. It is
a ground based instrument that detects atmospheric
showers by measuring with high precision the arrival
time of the particles that compose the air showers.
This is done via the Cherenkov light produced by the
air shower particles as they enter the 300 water detec-
tor tanks that constitute the observatory, with a total
water volume of 54 million litres. At energies above
100 TeV , gamma-rays suffer strong absorption from
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pair production with photons from the cosmic mi-
crowave background radiation that strongly reduces
their mean free path [3]. For this reason, ultra-high
energy neutrinos may be a better tool to study the
most energetic extra-galactic particle accelerators.
The Earth-skimming technique to detect ultra-high
energy neutrinos has been proposed before, see for
instance [4, 5, 6, 7, 8]. The method consist on using
the interaction between a neutrino and a nucleon via
the exchange of a W± boson to produce a charged
lepton of the same flavour as the incoming neutrino.
Since the neutrino-nucleon cross section is very small,
a large-mass target is needed. The natural candidate
to produce such interactions is the Earth crust, either
by focusing the searches on quasi-horizontal neutri-
nos that travel along a chord inside the Earth or by
using mountains as targets. The produced charged
lepton travels essentially in the same direction as
the neutrino. Thus, in the considered scheme, the
charged lepton will travel either upward if it was mov-
ing through a chord inside the Earth crust or quasi
horizontally if the neutrino passed through a moun-
tain.
From the three families of leptons, the electron neu-
trinos are unfavourable for this type of study because
the produced high-energy electrons initiate electro-
magnetic showers that are easily absorbed by the tar-
get mass shortly after production. For µ neutrinos,
the relatively large mean life of the produced charged
lepton combined with the ultra-high energy will pro-
duce a detectable signal only as an ultra-energetic
µ. The τ neutrinos are the ones that have attracted
more interest from the experimental point of view.
The reason is that, because of their very short mean
life, even if they are very energetic the produced τ
charged leptons will decay into secondary particles
that would make the detection of the signal easier.
However, the τ neutrinos have proven to be one of the
most elusive particles of the Standard Model, with
less than 15 detections up to now [9]. Ultra-high en-
ergy τ neutrinos (with searches up to 72 PeV ) have
eluded direct detection so far, even after the analysis
of three years of IceCube data [10]. Even though τ
neutrinos are disfavoured in production mechanisms
at the astrophysical acceleration sites, the neutrino
flavour mixing that occurs in cosmological distances
is expected to produce approximately equal propor-
tions of all neutrino flavours at the Earth.
There have been already experimental attempts to
detect ultra-high energy neutrinos using the Earth-
skimming technique. For instance, the Pierre Auger
observatory in Argentina used their surface detectors
to look for the electromagnetic signature of exten-
sive air showers initiated by the decay of τ charged
leptons of EeV energies that develop close to the de-
tector [11, 12, 13], without finding candidate signals
so far. There are also studies that propose to use the
fluorescence detector of the Pierre Auger observatory
to detect the decay in the atmosphere of τ charged
leptons produced by ultra-high energy neutrinos [14];
however this idea has not been implemented yet. The
Ashra-1 collaboration [15] searched for neutrino emis-
sion from a GRB in the PeV -EeV energy range using
the Earth-skimming technique. The Ashra-1 experi-
ment, located on the Mauna Loa volcano and facing
the Mauna Kea volcano in the Hawaii island, aimed
to detect τ neutrinos that converted into τ charged
leptons inside Mauna Kea. Their method consisted
on measuring the Cherenkov light emitted by the par-
ticles of the atmospheric shower initiated by the de-
cay products of the τ charged lepton. Their analysis
of the GRB081203A did not find signals associated
to τ neutrinos in the PeV -EeV energy range. There
have been also studies about the feasibility to use
the MAGIC telescopes for the detection of τ neutri-
nos [16, 17], by pointing their telescopes below the
horizon towards the sea, or by searching for reflec-
tions of Cherenkov light by the nearby ground, the
sea or clouds [18, 19]. However, no experimental re-
sults have been published yet.
In this paper we propose to adapt the Earth-
Skimming technique to use it with the HAWC
gamma-ray observatory, employing the Pico de Oriz-
aba volcano as a target for the neutrino-nucleon in-
teractions. However, we propose not to follow the
method explored so far of studying the decay prod-
ucts of a τ charged lepton on the atmosphere. In-
stead, we propose to reconstruct directly the trajec-
tory of the charged lepton or their decay products
as they travel through the HAWC detectors. In this
way we do not only restrict our studies to τ neutri-
nos, but also include the possibility for the detection
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of ultra-high energy µ neutrinos (a first suggestion of
this method was mentioned in [20]). At ultra-high
energies, the produced charged leptons will have an
energy approximately equal to that of the original
neutrino [7, 20]. These charged leptons, or their de-
cay products, could travel crossing several HAWC de-
tectors depositing large amounts of Cherenkov light,
well beyond the average left from both: atmospheric
muons (≈ 30 photoelectrons (PEs) [21]) located far
from the shower core used in the gamma/hadron dis-
crimination algorithms of HAWC and the high PE
noise, also associated to atmospheric muons, consid-
ered by the HAWC collaboration to be in the range
of 10-200 PEs [22]. Here it is important to point out
that the dynamical range of the HAWC electronics
goes from a fraction of a PE up to thousands PEs
[23].
In order to demonstrate that our proposal to search
for tracks produced by τ charged leptons or their
boosted decay products is feasible, we performed
some GEANT4 [24] simulations of the decay of τ
charged leptons with an energy of 1 PeV (that de-
cay approximately 50 m after their creation point),
and studied the shower evolution in air. We choose
an energy of 1 PeV so the τ charged leptons decay
quickly and are in the energy regime of our studies.
After decay, the opening angle of the charged prod-
ucts is smaller than 0.7◦, thus, after the decay prod-
ucts have travelled 2050 m (the approximate distance
from the edge of the volcano to the HAWC array at ≈
4090 m a.s.l is of two kilometers), they would hit at
most three columns of HAWC tanks. Moreover, over
95% of the secondary charged particles are contained
within an opening angle smaller than 0.2◦, therefore
producing large Cherenkov signals only within a sin-
gle row of HAWC tanks, producing a clearly identi-
fiable track. This simplified exercise was done for 1
PeV charged τ ’s, making it easy to extrapolate the
results to higher energy charged leptons, since the
opening angle of the decay products is inversely pro-
portional to the energy of the primary charged lepton
[25].
Based on this information, we believe that the
tracking method is possible in the search for charged
leptons, produced by neutrino-nucleon interactions,
in the PeV energy range. The amount of Cherenkov
light that could be detected by the HAWC PMTs by
such energetic particles is expected to be in the range
of thousands to tens of thousands PEs. However,
given the dynamic range of the current HAWC elec-
tronics one could anticipate that the collected light
could be used as a proxy to at least set a lower bound-
ary on the energy of the incoming charged lepton, in
a similar manner to what IceCube does for muons
that pass through the detector.
The paper is organized as follows: in Section 2 we
present the calculation of the flux of charged leptons
that could be produced by neutrino-nucleon interac-
tions in the Pico de Orizaba volcano. In Section 3,
we describe a method to calculate the HAWC effec-
tive area based on purely geometrical considerations,
and evaluate it for different trigger conditions. Then,
in Section 4, we present our results for the possible
detection rate and address the issue of the expected
background signals. In Section 5, we discuss how the
current trigger of HAWC can be useful in selecting
data for these studies and discuss further a possible
background rejection strategy. Finally, the conclu-
sions are presented in Section 6.
2 Calculation of the flux of
charged leptons produced by
Earth-skimming neutrinos
In order to obtain an estimate of the number of
ultra-high energy charged leptons that could be
produced via the Earth-skimming technique, we
follow the formalism developed in [7, 26]. However
we use further simplifications due to the detection
method that we propose in this paper, and also
because of the energy of the neutrinos that we
plan to study. The differences between the original
formalism of [7, 26] and our implementation are
pointed out in the text.
The number of charged leptons (NL) that could be
detected by the observatory is given by
NL = ΦL(AΩ)effTD (1)
where ΦL is the charged lepton flux, (AΩ)eff is the
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effective area of the observatory, T is the live time
of the experiment and D is the duty cycle for ob-
servations, which basically describes which fraction
of the time T the experiment is actually able to take
data. In this section we describe the calculation of the
flux of charged leptons ΦL produced by the neutrino-
nucleon interactions that occur while the neutrinos
traverse the volcano. We start with the differential
flux of ultra-high energy neutrinos produced by astro-
physical sources, which we consider to be isotropic.
This differential flux is given by
dΦν
dEνdcosθνdφν
(2)
with (Eν , θν , φν) being respectively the energy, po-
lar and azimuthal angle of the neutrinos. Since we
are interested on integrating the flux on only a cer-
tain region (the one covered by the Pico de Orizaba
volcano), and because we are considering an isotropic
flux, we can simplify the differential neutrino flux to
dΦν
dEνdcosθνdφν
=
1
Ω
dΦν
dEν
(3)
where Ω is the solid angle covered by the volcano
that is being used as the target for the neutrino-
nucleon interactions. After the proposed isotropic
neutrino flux passes through the Pico de Orizaba vol-
cano, the produced differential charged lepton flux is
given by
dΦL
dELdcosθLdφL
(4)
with (EL, θL, φL) being respectively the energy, po-
lar and azimuthal angle of the produced charged lep-
tons. The relation between the differential fluxes of
incoming neutrinos and the produced charged leptons
is thus given by
dΦL
dELdcosθLdφL
=∫
dEνdcosθνdφν
1
Ω
dΦν
dEν
κ(Eν , θν , φν ;EL, θL, φL)
(5)
where κ is a function that physically represents the
convolution of the probabilities of the different pro-
cesses that need to take place in order that an ultra-
high energy neutrino converts into a charged lepton
inside the target material and is able to escape the
mountain. Given that we are interested in studying
ultra-high energy neutrinos (Eν > 10 PeV ), the first
simplification comes from the fact that the produced
charged lepton will approximately follow the same di-
rection as the original neutrino. The angle between
the original neutrino and the produced charged lep-
ton (θν−θL) has been estimated to be smaller than 1
arcmin for energies above 1 PeV for τ ’s [15]; so, we
expect this angle to be negligible. This makes that
the angular dependence of κ can be approximated by
delta functions.
κ(Eν , θν , φν ;EL, θL, φL) ≈
κ(Eν ;EL)δ(cosθν − cosθL)δ(φν − φL) (6)
The energy dependent part of the κ function can
be written as the integral along the path of the neu-
trino, and the corresponding charged lepton, inside
the volcano
κ(Eν ;EL) =
∫
P1P2P3(L)P4 (7)
where P1 is the survival probability for a neutrino
travelling a certain distance inside the volcano. This
probability can be written as
P1 = exp
[
−
∫ A
0
dz′
LνCC(Eν)
]
(8)
where LνCC is the charged current interaction
length. Since the average width of the volcano (A)
is much smaller than the interaction length, almost
all of the neutrinos will traverse the whole mountain.
That defines the integration limit of Equation 8. The
interaction length is a function of the density of the
medium that the neutrino travels through. In the
case of the formalism developed in [7], where the tra-
jectories of the neutrinos were across chords inside
Earth, the authors had to consider variations of the
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Earth density. In this particular case, since we are in-
terested on neutrinos that travel through volcanoes,
it is reasonable to consider a constant density ρ along
the path of the neutrinos. Thus, the expression for
the charged current interaction length can be written
as follows
LνCC(Eν) =
1
σνCC(Eν)ρNA
(9)
where NA is Avogadro’s constant and σCC(Eν) is
the charged current cross section. The second proba-
bility (P2) that enters the calculation of κ is that of a
neutrino to convert into a charged lepton through a
charged current in an infinitesimal distance dz. This
probability is given by
P2 =
dz
LνCC(Eν)
(10)
The third process (P3) that is taken into account
in the κ function is the probability that the produced
charged lepton is able to escape the volcano, taking
into account the charged lepton energy losses in the
medium. This process is described by a system of
two coupled differential equations:
dEL
dz
= −(αL + βLEL)ρ (11)
dP3(L)
dz
= −mLP3(L)
cTLEL
(12)
Where Equation 11 describes the energy loss pro-
cesses, with αL describing the ionization energy loss
and βL the radiative energy loss. According to the
literature, e.g. [7], the effects of αL are negligible
at the energy regime of interest of this work; so, we
consider in Equation 11 that αL → 0. In Equation
12, mL is the mass of the charged lepton, c is the
speed of light and TL is the charged lepton lifetime.
A Monte Carlo study from [20] shows that for µ’s
with energies of 1 PeV , P3(µ) ≈ 0.98 after 6 km
water equivalent (km.w.e) (6 km.w.e. ≈ 2.3 km in
“standard rock”, the average path length inside the
volcano), i.e. in the extreme case where the charged
lepton has to travel the average width of the volcano,
and this value approaches unity as the energy of the µ
charged lepton increases. Thus, we consider that for
the energy regime studied in this work, it is appro-
priate that for µ’s we can take a value of P3(µ) ≈ 1.0
(see Table 1).
Table 1: Numerical values of P3(L) for the different
energy ranges considered in this work.
Energy bin [PeV ] P3(µ) P3(τ)
[101, 102] 1 0.5
[102, 104] 1 0.9
The case of the survival probability for τ charged
leptons is more complicated to evaluate, since most
of the research has been done for energies above or
at 100 PeV [27, 28, 29]. We take as a base for
our calculations the results presented in [28]. For
Eτ = 10 EeV , P3(τ) ≈ 0.99 and for Eτ = 1 EeV ,
P3(τ) ≈ 0.93 after 2.3 km in “standard rock”, i.e.
in the extreme case where the τ ’s are produced just
after entering the volcano. However, the values of
P3(τ) at lower energies cannot be obtained by a sim-
ple extrapolation since the value of P3(τ) below 100
PeV is dominated by the mean life time of the τ . By
considering this fact, we obtain approximate values
of P3(τ) for the PeV energy regime. Table 1 shows
the average values of P3(τ) in the energy range of
interest of this work. Finally, the factor P4 makes
sure that the charged lepton escapes the volume of
the volcano with an energy EL. Based on Equation
11, taking αL ≈ 0, then P4 can be written as
P4 = δ(EL − Eνexp [−βLρz]) (13)
Thus, we can approximate the κ function as
κ(Eν ;EL) =
∫
P1P2P3(L)P4 ≈ P3(L)
∫
P1P2P4
(14)
After evaluating the integral we obtain an expres-
sion for the κ function.
κ(Eν ;EL) ≈ P3(L)
LCC(Eν)
exp
[ −A
LCC(Eν)
]
1
βLρEL
(15)
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Equation 15 is valid in the case where we neglect
variations of the density of the volcano. Going back
to Equation 5, we can substitute Equation 6 and
Equation 15 on it. By doing this, we obtain an equa-
tion for the differential flux with respect to the energy
of the leptons
dΦL
dEL
=
P3(L)
βLρEL
∫
dEν
dΦν(Eν)
dEν
1
LCC(Eν)
exp
[
− A
LCC(Eν)
]
(16)
The next step is to define a function that describes
the differential flux of neutrinos as a function of en-
ergy. For this, we use the parametrization of the
measured astrophysical neutrino flux made by Ice-
Cube [30, 31, 32], which has been found to be well
described by an unbroken power law
dΦν(Eν)
dEν
= φ×
(
Eν
100 TeV
)−γ
(17)
We choose to use the parametrization presented in
[31] for the measurement of the νµ+ ν¯µ astrophysical
flux. For this particular parametrization we shifted
the mean values of the normalization and spectral in-
dex in order to obtain the highest flux, within the
allowed range given by their statistical uncertain-
ties. These values are: φ = 0.3343 GeV −1Km−2sr−1
yr−1 and γ = 1.71. We assume for our calculations an
expected equal contribution to the astrophysical flux
for ντ + ν¯τ , due to the neutrino flavour mixing over
cosmological distances that would produce approxi-
mately equal proportions of all flavours. Then, we
extrapolate the measured flux to the energy range 10
PeV to 100 EeV . Moreover, motivated by the most
energetic event found by the diffuse flux muon neu-
trino search (2009-2015) done by IceCube (a track
event that deposited 2.6 ± 0.3 PeV in the sensible
volume of the detector [33]), we also include in the
flux estimations the models proposed in [34], which
account for sources of multi-PeV neutrinos that are
constrained by the most recent ultra-high energy neu-
trino upper limits set by IceCube [35] and Pierre
Auger [11]. These models, for the sum of all neu-
trino flavours, have the smoothly-broken power law
functional forms
dΦν(Eν)
dEν
= φi ×
[(
Eν
Ei
)αη
+
(
Eν
Ei
)βη]1/η
(18)
The values of the parameters are: α = −1, β = −3
and η = −1. Ei take the values of: 107 GeV for
what we refer in this work as Model A, 108 GeV for
Model B and 109 GeV for Model C. The values of
the normalizations φi for each of these models are
presented in Table 2
Table 2: Values of the normalization constants φi and
pivot energies for the different PeV neutrino models
presented in [34].
Model Ei [GeV ] φi [GeV
−1Km−2sr−1yr−1]
A 107 6.2545× 10−5
B 108 1.5780× 10−6
C 109 1.5798× 10−8
According to [34], Model A & B would correspond
to the spectra produced by BL Lac AGNs, and com-
binations of Models A & C would follow the expected
shape of GZK neutrinos produced from EBL and
CMB interactions.
In order to calculate the flux of charged leptons
produced by neutrino-nucleon interactions we need to
define the input parameters that enter the calculation
of the number of produced charged leptons (Equation
16). For the value of the parameter that describes the
radiative energy losses of the charged leptons as they
travel trough the rock (βL). One can find in the lit-
erature βτ parametrizations that may differ by up to
a factor of two. For instance, it ranges from 0.26 to
0.59 ×10−6 cm2/g at 100 PeV in [36]. For our calcu-
lations we decided to use the βτ values obtained with
the ASW structure functions calculated in [36]; and
for βµ the results obtained in [20]. For this latter case
the results are available up to an energy of 1 EeV ,
but these values are enough for our calculations. For
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the numerical integrations, we used intermediate val-
ues of βτ and βµ in different bins of energy as shown
in Table 3
For the density of the volcano, we take that of
“standard rock”, ρ = 2.65 g/cm3 [20]. For the cal-
culation of the charged current interaction length we
use the results from [37], with the cross section for
neutrino-nucleon interactions via charged currents in
the energy range 10 PeV ≤ Eν ≤ 1 ZeV given by
σCC(νN) = 5.53× 10−36cm2
(
Eν
1 GeV
)0.363
(19)
This parametrization is a well known result. How-
ever, as a cross check, we compared the parametriza-
tion given by [37] with more recent calculations
[38, 39]. The result of this is presented in Figure
1. One can notice that the result from [37] follows
the general trend predicted by the work of [38] and
Sarkar et. al. Due to this, and the fact that there is
an analytical expression for the cross section of [37],
we decided to use Equation 19 in our numerical cal-
culations. The anti neutrino-nucleon cross section is
taken to be the same [37]. Using these results we get
a value of LνCC(100 PeV ) = 1413 km, much smaller
than the light-year interaction length for average neu-
trinos in lead [40].
For the average width of the Pico de Orizaba, we
calculated the typical length of a chord that goes
through a cone that follows the geometry of the vol-
cano, as it will be shown in the following section of the
paper. At 4100 m a.s.l., the volcano has a width of ≈
6 km and at the summit at ≈ 5 500 m a.s.l., a width
of ≈ 0.35 km (see Figure 4 and Figure 5). The aver-
age path length for the neutrinos is of 2.33 km inside
the volcano. Finally, we assume a duty cycle D=95%,
which agrees with the reported value observed during
actual HAWC operations [41]. The energy range for
the charged leptons that exit the volcano is taken in
the range (Emin =
1
10Eν , Emax = Eν). In this way we
consider an energy range that contains a good frac-
tion of the charged leptons that exit the volcano. This
is because the charged leptons escape with an energy
distribution, after loosing some of their energy in the
medium. For a study of the propagation of a mo-
 [GeV]νE
810 910 1010 1110
 
]
2
 
[cm
cc
σ
33−10
32−10
31−10
Gandhi et. al.
NνConnolly et. al 
NνConnolly et. al 
elles et. aluArg
Sarkar et. al
Block et. al
Figure 1: Comparison of the neutrino-nucleon cross
section as a function of the neutrino energy, for the
model from [37] with those from [38] and the results
presented in the work of [39].
noenergetic beam of τ charged leptons through rock
see for instance the work from [28].
We integrate numerically Equation 16 using the
differential neutrinos fluxes from Equation 17 and 18
to obtain the number of charged leptons (ΦL) that
escape the mountain. The results are presented in
Tables 4 and 5.
One can notice that the flux of µ charged leptons
is more than an order of magnitude lower than that
of τ ’s. The reason for this can be seen in Equation
16, where the charged lepton flux depends inversely
on the radiative energy losses of the charged leptons,
which are more than an order of magnitude higher
for the µ’s with respect to τ ’s (see Table 3). This
does not contradict the fact that, at the highest en-
ergies, for both µ’s and τ ’s the survival probability
P3(L) → 1. P3(L) quantifies the probability that
the charged leptons are able to escape the volcano,
while the βL factor in Equation 16 appears because
of the form of P4 and is independent of P3(L). This
result is consistent with the arguments developed in
[42], where it is pointed out that τ charged leptons
have a higher probability to escape the Earth crust
compared to µ’s.
In the following section we present a simple method
that allows to approximate the effective area of the
7
Table 3: Numerical values of βL calculated with the ASW structure functions from [36] for τ ’s and from the
results obtained by [20] for µ’s. The table presents the energy at which the parameter was evaluated, and
the energy bin in which it is used in the numerical calculations.
βL evaluated at [PeV ] Energy Bin [PeV ] βτ [cm
2/g] βµ [cm
2/g]
50 [101, 102] 2.496 ×10−7 4.960 ×10−6
500 [102, 103] 2.987 ×10−7 5.143 ×10−6
5 ×103 [103, 104] 3.554 ×10−7 N/A
5 ×104 [104, 105] 4.184 ×10−7 N/A
Table 4: Tau charged lepton fluxes (Φτ+τ¯ ) produced by neutrino-nucleon interactions in “standard rock”
with average width A. The astrophysical flux is obtained from the extrapolation of the measured neutrino
flux by IceCube. See the text for details.
Φτ+τ¯ [Km
−2sr−1yr−1]
Neutrino Energy [Eν ] Astrophysical Model A Model B Model C
10 PeV - 100 PeV 10.7471 0.4732 0.8269 0.1008
100 PeV - 10 EeV 11.0342 0.0233 0.4251 0.3690
Table 5: Muon charged lepton fluxes (Φµ+µ¯) produced by neutrino-nucleon interactions in “standard rock”
with average width A. The astrophysical flux is obtained from the extrapolation of the measured neutrino
flux by IceCube. See the text for details.
Φµ+µ¯ [Km
−2sr−1yr−1]
Neutrino Energy [Eν ] Astrophysical Model A Model B Model C
10 PeV - 100 PeV 1.0816 0.0476 0.0832 0.0101
100 PeV - 1 EeV 0.4685 0.0015 0.0267 0.0185
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HAWC observatory to ultra-high energy charged lep-
tons.
3 Effective area determination
In general, the effective area or acceptance of an ob-
servatory is calculated using a detailed Monte Carlo
simulation, see for instance in [43, 44] studies of the
sensitivity of air Cherenkov and fluorescence observa-
tories to τ neutrinos using the Earth-skimming tech-
nique and in [18] an early proposal about using flu-
orescence measurements on observatories as Pierre
Auger in order to search for τ charged lepton show-
ers. The full Monte Carlo method of calculating the
effective area represents a complex and time consum-
ing task. In the early results obtained by the Pierre
Auger collaboration, their effective area calculation
neglected the effect of the topography that surrounds
the observatory, and took into account its effect in
the systematic error of their observation limits [13].
However, their most recent results have incorporated
the topography into their effective area calculations
in two of their three analysis channels [11]. In our
case we are specifically interested on the effect of the
largest volcano that surrounds the HAWC observa-
tory as a target for the neutrino-nucleon interactions.
In order to reproduce the topography that surrounds
HAWC, we use data from the Instituto Nacional de
Estad´ıstica y Geograf´ıa (INEGI, Me´xico) [45]. Figure
2 shows the topography that surrounds the HAWC
site (indicated by a small red rectangle). The obser-
vatory is located between two volcanoes: in the di-
rection Northing-Easting by the Pico de Orizaba and
in the opposite direction by the Sierra Negra volcano.
Due to its much larger volume, we focus our atten-
tion on the Pico de Orizaba volcano as the target for
the neutrino-nucleon interactions.
Figure 3 shows the topography of the Pico de Oriz-
aba volcano as seen in a coordinate system centred
at the location of the HAWC array at ≈ 4090 m a.s.l.
The approximate symmetry of the Pico de Orizaba
volcano makes it easy to motivate a simplification in
the calculation of the effective area. We can assume
that the geometry of the mountain can be modelled
to be conical. Figure 4 and Figure 5 show the profile
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Figure 2: Topography of the HAWC site according to
INEGI data. One can see two mountains, the Sierra
Negra volcano at bottom left and the much larger
Pico de Orizaba volcano on the top right. The small
red rectangle, at the origin of the coordinate system,
indicates the location and dimensions of the HAWC
observatory.
of the volcano along the Easting and Northing direc-
tions, and how we can approximate this profile using
a cone with a height of 1500 m (z = 0 taken at the
altitude above sea level of the HAWC observatory)
and a diameter of 6000 m.
Our method to calculate the effective area to de-
tect ultra-high energy charged leptons produced by
neutrino-nucleon interaction is as follows:
1. We consider that the ultra-high energy charged
lepton, or their highly boosted decay products,
will travel following a straight trajectory along
the direction of the initial neutrino.
2. We approximate the region where the charged
leptons are produced as a triangular surface,
a 2D projection of the volcano, that faces the
HAWC observatory. We can use this simplifica-
tion since here we are only interested on studying
the trajectories of the produced charged leptons.
The width of the mountain is considered in the
charged lepton flux calculation, as presented in
Section 2. On the triangular surface we draw a
grid made of lines parallel to the x & z axis in the
coordinate system shown in Figure 6. The lines
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Figure 3: Topography of the Pico de Orizaba volcano,
located in the state of Puebla in Mexico. The origin
of the coordinate system is centred at the location of
the HAWC array.
of the grid have a separation of 0.5 m in each
direction. The surface is located at a distance of
5.7 km to the center of the HAWC observatory,
approximately the distance between the center
of the detector array and that of the volcano.
3. The detection volume of HAWC is modelled as
a rectangular prism, with dimensions (x, y, z)
140 m × 140 m × 4.5 m. This approximation
is motivated by the actual configuration of the
HAWC array. The observatory is made of a com-
pact group of 300 Water Cherenkov Detectors
(WCDs). Each WCD is a cylinder having 7.3
m in diameter and 4.5 m in height. The array
covers an area of approximately 22 000 m2 [41].
4. From each cell of the grid (∼ 14 million), we
generate vectors that point towards our model
of HAWC, approximated as a rectangular prism.
Figure 7 shows a diagram of the definition of the
angles used in this work. The azimuth angle φ
covers the range from 0 to pi (with steps of 1 de-
gree), pointing towards the -y′ direction in the
coordinate system shown in Figure 6. This is
done for the i different orientations of the polar
angle θ. The polar angle is defined such that the
vector orientation that lies in the x′ − y′ plane
corresponds to 90◦, and increases as the orienta-
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Figure 4: Projection
of the Pico de Orizaba
profile along the East-
ing axis. The blue open
markers show the pro-
file of the conical ap-
proximation to the vol-
cano, while the black
closed circles indicate
the real profile of the
volcano.
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Figure 5: Projection
of the Pico de Orizaba
profile along the Nor-
thing axis. The blue
open markers show the
profile of the conical ap-
proximation to the vol-
cano, while the black
closed circles indicate
the real profile of the
volcano.
tion gets closer to the x′ − z′ plane (see Figure
7).
5. For each orientation θi, we calculate a differential
element of effective area
f(θi) = A∆φ(θi) =
Ntrig
Ngen
×Ai ×∆φi (20)
where, Ntrig is the total number of vectors whose
directions points towards the detection volume of
HAWC with a minimum length of the trajectory
across the x− y plane shown in Figure 6 (inside
the volume of the rectangular prism). We will
refer to this minimum length as the trigger con-
dition, that approximately represents how many
WCDs would measure Cherenkov light produced
by the incoming lepton or their collimated de-
cay products. Ngen is the total number of vec-
tors that point towards the rectangular prism,
regardless of the trajectory that they have in-
side the prism. Ai is the section of the area of
the triangular surface over which the vectors that
point towards the rectangular prism (Ngen) were
generated. Finally, ∆φi is the azimuthal angle
covered by the area Ai, as seen from the center
of the rectangular prism.
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y’
x’
z’
Figure 6: Schematic of
the geometry and coor-
dinate system used to
simplify the problem.
The Pico de Orizaba
volcano is represented
as a triangular surface
located at 5.7 km from
the center of the HAWC
array. The HAWC de-
tection volume is mod-
elled as a rectangular
prism. An example of
a vector is shown with
a dashed line, that be-
comes solid as the vec-
tor passes through the
detection volume. The
figure is not drawn to
scale.
X’y’
z’
Figure 7: Definition of
the angles used in the
effective area calcula-
tion. The long dashed
line represents the ori-
entation of one of the
generated vectors. The
polar angle θ is mea-
sured between the −y′
axis direction and the
projection of each vec-
tor in the y′ − z′ plane;
it has values equal or
greater than pi/2. The
azimuthal angle φ is
measured between the
x′ axis direction and the
projection of the vec-
tors in the x′−y′ plane;
it ranges from 0 to pi.
By following the procedure described above, we can
obtain the differential elements of effective area as
a function of the polar angle orientation. Figure 8
shows the results for different orientations of the po-
lar angle.
One can see that the differential effective area in-
creases with increasing values of the polar angle, up
to a maximum at ≈ 93◦, and then decreases because
the area over which the vectors are generated de-
creases as well, as it corresponds to the upper sec-
tions of the triangular grid where the vectors are
generated. The different line styles used in the plot
show the results obtained for different trigger condi-
tions. For instance, the curve with 14 m as trigger
condition indicates the results obtained when the re-
quirement of the path of the charged lepton through
the detection volume corresponds to at least a tra-
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Figure 8: Values of the differential effective area as a
function of the polar angle θi measured from zenith
(the horizontal orientation, parallel to the y′ axis,
for the vectors is at 90◦). The results are shown for
different trigger conditions.
jectory in the x − y plane inside the HAWC rectan-
gular prism of 14 m. This would correspond roughly
to have the ultra-high energy charged lepton (or its
boosted decay products) to traverse through at least
two WCDs. This may not seem enough to even pro-
vide a rough idea of the direction of the incoming
lepton. However, one should keep in mind that each
WCD is equipped with four photomultiplier tubes
(PMTs), recording the amplitude and arrival time
of the Cherenkov light. By combining the informa-
tion from the eight PMTs from two WCDs it may be
possible to have enough information to reconstruct a
trajectory, although details of the angular reconstruc-
tion of the tracks is beyond the scope of this work.
In Figure 8, we present the results for trigger con-
ditions that correspond roughly to have the charged
lepton (or its collimated decay products) traversing
from two up to six WCDs. As expected, the effective
area that corresponds to a given trigger condition de-
creases as one increases the number of detectors re-
quired to have signals. We are interested in the total
effective area (AΩ)eff that goes into the calculation
of the number of possible detections of Equation 1.
This total effective area is given by
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(AΩ)eff =
∫ θf
θj
f(θi)dθi (21)
where the integration range in θi goes from 90
◦
to 105◦ (the angular height of the Pico de Orizaba
volcano as seen from the center of the HAWC ob-
servatory is of ≈ 15◦). Our results of the effective
area calculation as a function of the different trigger
conditions are shown in Table 6.
Table 6: Results of the effective area calculation for
different trigger conditions. The trigger condition is
the path length that a charged lepton, or its highly
boosted decay products, travel along the x− y plane
inside the detection volume of HAWC modelled as a
rectangular prism.
Trigger [m] AΩ [km2sr]
≥ 14 0.013867
≥ 21 0.012544
≥ 28 0.010578
≥ 35 0.008418
≥ 42 0.006782
With the results from Sections 2 and 3 we have:
the flux of charged leptons given a certain isotropic
flux of neutrinos and the effective area of the HAWC
observatory obtained with a simple trigger condition.
Using this, in the next section we present our results
for the flux of ultra-high energy charged leptons that
could be detected by the HAWC observatory.
4 Results, possible background
signals and discussion
Table 7 shows the number of detectable charged τ ’s
produced by neutrino-nucleon interactions in the Pico
de Orizaba volcano, obtained using the effective area
results presented in Table 6 and the ultra-high en-
ergy τ lepton fluxes from Table 4. We restrict the re-
sults to those from τ charged leptons since, as it was
shown in Section 2, the flux from µ charged leptons is
approximately an order of magnitude lower, making
their detection not feasible with the method proposed
in this work. The detection estimates are shown as a
function of the different trigger conditions and of the
different ultra-high energy neutrino fluxes discussed
in Section 2. The eight column presents an estimate
of the background signals that are expected using this
method. We estimated the background considering
that the main contribution is that of ultra-high en-
ergy atmospheric muons, coming from the direction
of the Pico de Orizaba. In order to calculate this, we
used the characterization of the atmospheric muon
flux above 15 TeV measured by IceCube [46], that
can be modelled as an unbroken power law:
dΦµ
dEµ
= φµ ×
(
Eµ
10 TeV
)−δ
(22)
In this case, we shifted the mean values (within
the statistical and systematic uncertainties of the Ice-
Cube measurement) of the normalization and spec-
tral index in order to obtain the worst case scenario
of the background, and then extrapolated the muon
flux to the energy range of our interest. The values of
the parameters that maximize the background muon
flux are: φµ = 4.6673 × 107 TeV −1Km−2sr−1yr−1
and a spectral index of 3.73. Thus, the background
flux can be calculated using Equation 1, where in
this case the charged lepton flux corresponds to the
integral of Equation 22 within the energy bins used
in this work. Of course this is an overestimation,
since these atmospheric muons would have to be able
to survive their travel through the volcano, however
we consider this estimation of the background appro-
priate because the study of the propagation of at-
mospheric muons through the volcano is beyond the
scope of this work. Moreover, it has already been no-
ticed that the atmospheric muon background is rele-
vant up to energies of ≈ 100 TeV [47]. The last two
columns of Table 7 show the estimated time to get a
detection for each trigger condition, first for the case
of only having as a source the neutrino flux given by
the extrapolation of the measurement done by Ice-
Cube [30], and also for the case of including GZK
neutrinos from [34].
From Table 7, we find that it would take around
eight years of data taking in order to be able to find
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a track-like signal traversing three WCDs based on
the extrapolation of the measured astrophysical flux,
for τ neutrinos in the energy range from 10 PeV to
100 PeV . In order to find a track-like signal that
propagates through four WCDs it could take more
than nine years of data taking, but such a long track
may allow to reconstruct with better accuracy the
direction of the original neutrino. We have verified
the predicted detection rate by doing a back of the
envelope comparison with the PeV neutrino mea-
surements reported by IceCube [1], and found that,
taking into account the different experimental condi-
tions, our results fall in the expected order of magni-
tude.
The HAWC observatory is currently planned to op-
erate for at least five years [48], but given its impor-
tance as a trigger for future instruments such as CTA,
it is not unlikely that it may operate for at least 10
years. Table 7 shows also for completeness the re-
sults expected for neutrinos in the energy range from
100 PeV to 100 EeV . Charged τ leptons that do
not decay before arriving or inside the HAWC array
(energies of ≈ 100 PeV or larger) will leave almost
the same signal because the values of βL (see Table
3) change very slowly with energy [8]. This condi-
tion will make very difficult to estimate the energy of
the incoming τ . The results also show that the back-
ground from ultra-high energy muons at the energy
regime of interest of this work is very low and would
allow a clean identification of a signal coming from
the direction of the Pico de Orizaba volcano.
5 Triggering of signals and
background rejection
The current software trigger used by the HAWC ob-
servatory consists on requiring a certain number of
PMTs to be above a charge threshold (it actually
consist on two thresholds used to estimate the charge
with the Time-over-Threshold method; the thresh-
olds are of 0.25 and 4 PEs) within a time sliding win-
dow of the order of ≈ 150 ns [21]. For the HAWC re-
sults presented in [41], the number of PMTs required
to trigger an event was of 15. Thus, the multiplicity
trigger used by the HAWC Collaboration is already
useful for the collection of signals that are needed
for the neutrino searches proposed in this work. To
show this, we can estimate the average number of
PMTs that have signals during any 150 ns time win-
dow. From [49] we know that the sum of the signals
from 112 HAWC’s PMTs in a 60 s time window was
of ≈ 2.285×108. Then, we can use this number to
estimate the number of PMTs fired in any 150 ns
triggering window, which is of ≈ 6. Thus, only 9
additional PMTs would be required to have signals
within the specified time window in order to produce
a trigger useful for the neutrino search proposed in
this work. This condition can be easily fulfilled if an
ultra-high energy lepton or its decay products pass
through 3 WCDs, firing at least nine of its 12 PMTs
(with a propagation time of the corresponding signals
along 3 WCDs of ≈ 70 ns, well within the current
trigger window). Of course, a specialized trigger can
be developed in order to obtain a better trigger effi-
ciency. This could be done, for instance, by selecting
events with topologies consistent with tracks propa-
gating through the WCDs. This would also have the
consequence of reducing the bandwidth needed for
this additional trigger.
A second point of interest to discuss is the ability
of the instrument to separate the signals produced
by ultra-high energy charged leptons from those from
the background of lower energy atmospheric muons.
The amount of emitted Cherenkov photons per unit
length inside a HAWC WCD is given by the Frank-
Tamm equation; and the total amount of light will
be proportional to the the sum of the path lengths of
the primary and all the produced secondary charged
particles (from bremsstrahlung and pair production
processes) that travel inside a WCD and have a ve-
locity larger than the threshold for Cherenkov light
production. According to the study presented in [50]
this sum of path lengths increases linearly with the
energy of the primary particle. Thus, the way to dis-
criminate background signals could be based on the
total light yield detected in the WCDs that belong to
a given track (e.g. a 1 TeV primary electron would
produce an order of magnitude more photons than
those from a 100 GeV primary electron). Based on
the results presented in [51], the mean momentum
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of nearly horizontal tracks (θ = 75 ◦) is of ≈ 200
GeV /c, and in this work we aim to detect the tracks
produced by leptons of PeV energies, so we could
expect a factor larger than 103 in the deposited light
in the WCDs for the ultra-high energy neutrino initi-
ated signals relative to the average muon background
tracks. Moreover, the results presented in [52] show
that the integral intensity of muons of ≈ 1 TeV /c is
larger than that of ≈ 200 GeV /c muons by a factor
of ≈ 52, making reasonable to easily handle the data
rate if a specialized trigger is set to keep the data of
tracks related to large deposits of Cherenkov light.
An additional experimental proof that this analy-
sis could be performed, is the ability to observe
the cosmic ray shadow produced by the volcano, as
for instance pointed out in [18]. However, this re-
quires the use of data and algorithms property of the
HAWC Collaboration that are no publicly available.
Nonetheless we are confident, because of the interest
on this result, that the Pico de Orizaba cosmic ray
shadow will be publicly available soon.
Due to this facts, we believe that it is feasible to
separate the huge atmospheric background from the
signals we are looking for. We are aware that the
precision that could be achieve in determining the
energy of the primary tau lepton will be low, nonethe-
less the primary interest of this work is the detection
technique and we leave the development of a possible
energy estimator for future work.
6 Conclusions
We presented an estimate of the detection capabil-
ities of the HAWC observatory to study ultra-high
energy neutrinos interacting in the Pico de Orizaba
volcano. We based our study in the analytic method
developed by [7, 26] and modified it to a simpler case
where the neutrino conversion takes place inside a
medium of constant density. The effective area of
the HAWC observatory for the detection of ultra-
high energy charged leptons was calculated geomet-
rically for different trigger conditions. We used the
astrophysical neutrino flux measured by IceCube [30]
and extrapolated it to energy range from 10 PeV up
to 100 EeV , and also considered models for multi-
PeV neutrinos [34] that are constrained by the most
recent data from both IceCube [35] and the Pierre
Auger observatory [11]. With this, we found that in
order to find a signal consistent with the propaga-
tion of an ultra-high energy charged lepton coming
from the direction of the Pico de Orizaba volcano,
will require approximately nine years of data taking
if the signal is required to propagate in four WCDs of
HAWC. We estimated the expected background for
this analysis using the measured atmospheric muon
flux above 15 TeV [46], and found that it should be
feasible to perform this study with a reasonable sig-
nal to background ratio during the lifetime of the
HAWC observatory. We also showed that the current
software trigger used by HAWC should be sufficient
to acquire data for this analysis, and that given the
dynamic range of the HAWC electronics it is feasi-
ble to be able to discriminate the background signals
produced by lower energy muons using the light yield
detected by the HAWC PMTs.
As an anonymous referee pointed out to us, the detec-
tion rate should be taken with caution since there are
several quantities that are uncertain to at least some
degree, such as the flux of neutrinos at the ultra-
high energy regime, the neutrino-nucleon cross sec-
tion, and the parameters that describes the radiative
energy loss processes for the leptons traversing the
Earth crust. By selecting a different set of the in-
put parameters for the calculations one could find
a detection rate that could decrease by a factor of
three or even more. However we also did not con-
sider scenarios where the neutrino-nucleon cross sec-
tion at ultra-high energies could have enhanced val-
ues relative to the standard model predictions, due to
the presence of new physics, as described for instance
by [53]. Further work should be done using a com-
plete Monte Carlo simulation that incorporates the
detailed topography of the volcanoes that surround
the HAWC observatory and the complete detector
simulation to study the detector response. However
this first step shows encouraging results to pursue
more detailed studies. The detection rate is certainly
low, not comparable to the one that dedicated neu-
trino experiment can achieve, but as pointed out in
[34], a single detection of a neutrino with an energy
higher than 10 PeV , would give evidence of a flux be-
15
yond what is firmly established. Our results indicate
that, although extremely challenging, it is worth try-
ing to detect ultra-high energy neutrinos, interacting
in the Pico de Orizaba with the HAWC observatory.
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